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The object of this study was to Investigate the ion exchange 
behavior of germanium in order to find a quantitative separation 
method applicable to the analysis of germanium in zinc ores.
Germanium had been predicted and described as eka>slIicon by
Mendeleeff, and was discovered by Winkler in 1886. ( 10) The
importance of the metal has increased very much since World War II
because of its use as a semiconductor in diodes and transistors.
All commercial scale germanium is now produced as a by-product
(8)of base metal processing. Although the United States Bureau of
Mines is conducting a program for the recovery of germanium from 
(23)fly-ash and coal, germanium recovery from these sources does not
(24)appear commercially feasible at this time.
Since all analytical methods for the determination of germanium 
require a preliminary s e p a r a t i o n , i t  was thought worthwhile to 
seek a simple but quantitative method of separating germanium from lead, 
cadmium, and zinc, which are the metals occurring in germanium bearing 
zinc ores.
REVIEW OF THE LITERATURE
Separation Methods for Germanlvan
Roasting. Germanium, cadmium, and lead may all be recovered by
condensing their volatile sulfides when zinc concentrates are roasted,
(24)with recovery of ninety to ninety-nine per cent of the germanium.
(15)Further separation by other methods is necessary before analysis.
Fusion methods. Germanium containing samples may be fused with 
a variety of bases and combinations of bases and sulfur, depending on 
the form of the source. Sodium carbonate is the base most frequently 
used. Fusion methods are not sufficient alone for a separation prelim­
inary to analyila.^^^^
Precipitation. Germanium may be precipitated from acid solution 
as the sulfide (GeS2). The sulfide is then ignited to germanium dioxide 
for weighing. Ignition to 900° C is necessary to remove all the water, 
but at this temperature a large and undetermined amount of the germanium
is lost as the volatile monoxide. (15) The oxidation of the sulfide
has also been accomplished with concentrated nitric acid, but no great
accuracy was claimed for the m e t h o d . T h i s  lack of accuracy was pro­
ds)bably caused by mechanical losses occurlog in the violent reaction.
(22) (17)Extraction. Schneider and Sandell and Luke and Campbell 
extracted germanium from strong hydrochloric acid solutions with carbon 
tetrachloride. The methods remove germanium from metal ions that will 
interfere with the analysis of germanium, but suffer from the disadvan­
tage that precautions must be taken to prevent the loss of volatile
gemnanlum tetrachloride* Dissolving the samples also often gives 
difficulty.
Distillation. The established method for extracting germanium
from its ores or concentrates has been the distillation of the finely
(24)ground material in hydrochloric acid. Chlorine gas is usually
passed through the distilling apparatus in order to oxidize any arsenic
that may be present to the pentavalent state and prevent its being
(15)distilled along with the germanium as arsenic trichloride. The
product is germanium tetrachloride which is obtained in solution. Most
methods then require the precipitation of germanium as germanium sulfide
(4)and subsequent treatment as described above. Dennis and Johnson 
eliminated the sulfide precipitation by using three separate distillations. 
The three distillations enabled then to obtain a more concentrated solu­
tion of germanium tetrachloride, which was then hydrolyzed by dilution 
to germanium dioxide* The method is good for the preparation of very 
pure germanium dioxide, but is not suitable for analytical purposes 
because of the large amounts of germanium lost by incomplete hydrolysis 
and in the subsequent washings of the dioxide.
Analytical Methods for Germanium
Precipitation methods. The most common precipitation method for 
the analysis of germanium is the sulfide precipitation described above. 
Germanitmi may also be precipitated with tannin in the presence of
ammonium ion; the precipitate is then ignited to germanium dioxide* (15)
The addition of 5,6 benzoquinoline oxalate to a solution of the germanium 
oxalate complex (H^GeCC^O^)^) gives a non-stoichiometric precipitate 
which may also be ignited to germanium d i o x i d e . B o t h  of these 
methods are subject to error because of the loss of volatile germanium 
monoxide or the retention of water in the dioxide. Precipitates of 
germanium as the molybdogermanic or tungstogermanic salts of organic 
bases such as pyridine may also be obtained. However, these precipitates 
have empirical factors that depend on the treatment of the precipitate 
and do not agree with the theoretical gravimetric f a c t o r s . F i n a l l y ,  
germanium may be precipitated as magnesium orthogermanate (Mg^GeO^) by 
a mixture of magnesium sulfate, ammonium sulfate, and concentrated 
ammonia. The method is subject to serious error because of the co- 
preclpltation of magnesium hydroxide.
Volumetric methods. The mannitol-germanium complex may be titrated 
as a monoprotic acid with sodium Ihydroxide. Boron, which may be intro­
duced from the glassware, i n t e r f e r e s . T r e a t m e n t  of the mannitol- 
germanium complex with potassium iodide and potassium iodate liberates 
iodine quantitatively, enabling an iodometric titration with sodium
thiosulfate to be made. (15) Other iodometric titrations can be made
utilizing the oxine salt of molybdogermanic acid or potassium thlodi- 
(15) None of these volumetric procedures offers a simple
( 12)
germanate
method for analyzing germanium in micro quantities
Polarographic methods. Several polarographic methods for the 
determination of germanium have been used. The best procedure seems 
to be the reduction of germanium (IV) to germanium (Ili) with sodium 
hypophosphite. The germanium (II) giVes an anodic wave at
-0.130 volt.^^^^ The lower limit of accuracy is about lO”^ molar, 
which is not unusual for a polarographic method.
Spectrographic methods. Spectrographic methods are not 
applicable to the determination of traces of germanium without prelim­
inary concentration. A preliminary separation from silicates is also 
(15) In addition to these disadvantages, the method is
(12)
required.
limited to definite types of samples.
Colorimetric methods. Germanium may be determined colorimetrically
by the yellow color of molybdogermanic acid. Phosphates and silicates
i n t e r f e r e . A  more sensitive method is the heteropoly blue method,
in which a blue complex is formed from molybdogermanic acid by reduction.
Arsenic and other metals forming similar complexes Interfere, and a
(15)further disadvantage is that the transmittance is 'time dependent.
Oxidized hematoxylin forms a purple complex with germanium. This
method is more sensitive than the two previously mentioned, and silicon
interference is less s e r i o u s . T h e  best of the colorimetric methods
for germanium is undoubtedly the determination of the complex formed
with phenylfluorone, for it is the most sensitive and gives no colora- 
(22)tlon with silica.' ^
(3)Cluley first developed the qualitative test for germanium with 
phenylfluorone into a quantitative method. Using gum arable as a pro­
tective colloid, he developed methods for the determination of germanium
in both sulfuric acid and hydrochloric acid solutions. Schneider and 
(22)Sandell modified the method of Cluley by decreasing the concentra­
tions of hydrochloric acid and phenylfluorone. The smaller excess of 
reagent makes the method more sensitive for small concentrations of
germanium because the unreacted phenylfluorone is also highly colored.
Luke and C a m p b e l l f u r t h e r  improved the method by using a more
dilute solution of phenylfluorone and a sodium acetate and acetic acid
buffer. In addition to greater sensitivity, the method possesses the
advantages of requiring only five minutes for completion of color
development and of not requiring temperature regulation. The color
(3)development in the method of Cluley requires an hour for completion,
and the temperature must be kept below 25° C for the first thirty
minutes. A disadvantage in the method of Luke and Campbell^^^^ is
that the color obtained is stable for only fifteen to twenty minutes.
( 12)Hill found that lead (II) interferes in the method of Cluley.
Germanium Complexes Suitable for Ion Exchange
(16)Laubengayer' and others predicted the existence of the hexa-
chlorogermanate ion (GeClg) from the ionic radii. They found germanium
tetrachloride to be slightly soluble in concentrated hydrochloric acid,
and found some evidence of the hexachlorogermanate ion in six normal
(13)hydrochloric acid by migration experiments. Jolly tested the
solubility of germanous hydroxide in various solutions containing
hydronium ions and chloride ions. He found the solubility to increase
when the chloride ion concentration was held constant at four molar
and the hydronium ion concentration was increased, and vice versa.
He interpreted this behavior as being consistent with the formation
,+(2-x)of a complex ion of the type GeCl^ 
is an ion of this type.
. The hexachlorogermanate ion
/g\
Everest and Salmon' studied the ion exchange behavior of 
solutions of germanium dioxide and found evidence for the existence 
of pentagermanic acid (H^GejOj^j) at a pH of nine. In a later study^^\ 
they found evidence for the depolymerization of pentagermanic acid to 
monogermanic acid (H^GeO^) as the pH was decreased. They concluded 
that the monogermanic acid exists in a neutral solution.
Ion Exchange Resins
The following discussion includes information taken from the
(14)monograph by Kitchener .
A solid ion exchange resin must be an insoluble high polymer 
with stable ionic groups attached to the polymer. The resin can be 
obtained in bead form by carrying out the polymerization in a water 
emulsion. Bead forms are desirable because the particle size can be 
controlled and because the spheres pack to give a higher capacity in 
a given container than a granular resin would give. Polystyrene is 
especially successful as a skeleton polymer for ion exchangers. The 
styrene is copolymerized with divinylbenzene to obtain the crosslinkage 
necessary to render the polymer insoluble.
Ion exchange resins may be divided into four general categories:
(1) Strong acid cation exchangers
(2) Weak acid cation exchangers
(3) Strong base anion exchangers
(4) Wea^ base anion exchangers
Strong acid cation exchange resins were the first successful 
synthetic ion exchange resins. They are made by treating polystyrene 
with concentrated sulfuric acid, which introduces a sulfonate group 
into each benzene ring in the polymer. Dowex 50 was the first resin 
of this type to be produced.
Weak acid cation exchangers do not have a polystyrene skeleton. 
They are made by copolymerizing a crosslinking agent such as ethylene- 
dime thacryal ate with a vinylic acid such as acrylic acid. The active 
ionic group in the polymer is a carboxylic acid group. These resins 
are not as widely applicable as the strong acid cation exchangers.
Strong base anion exchange resins are made by treating polystyrene 
with chloromethyl methyl ether in the presence of a catalyst such as 
aluminum chloride to effect a Friedel-Crafts reaction by which chloro- 
methylene groups are introduced into the benzene rings. Upon subsequent 
treatment with a tertiary amine, the chloromethylene groups undergo the 
quatemization reaction, giving the quaternary amine chloride. The 
quaternary amine group is the active ionic group in this type of resin.
A well-known example of this type of resin is Dowex 1.
Weak base anion exchangers are made in exactly the same way as 
the strong base anion exchangers, except a primary or secondary amine 
is used in place of the tertiary amine. Like the weak acid ion 
exchangers, these have rather limited applications.
Ion Exchange Theory
Ion exchange resins can be considered chelating agents, since
ion exchange can be considered to be based on coordination phenomena . 
The two methods available for ion exchange studies are equilibrium 
methods and column methods*
Equilibrium methods* (The following discussion has been adapted 
from the monograph by Kitchener^^^\) Ion exchange equilibria may be 
represented by the following equation:
RA + B'^(aq) - RB + A'^(aq).
The position of equilibrium is reproducible and is independent of the 
side from which it is approached. It does depend on the relative pro­
portions of RA and B^(aq), the resin employed, the chemical nature of 
A^ and B^, and often on other substances present in the system. In 
other words, the resin exhibits some degree of preference for one ion 
as compared to another. One of the principal theoretical problems is 
to explain, and perhaps predict, selectivity quantitatively.
The tendency for the resin to take up one ion rather than another 
is measured by the selectivity coefficient, which for the above reaction 
is given by the equation:
(9)
KB (6'^ ) (A^) ,
a*) (B^)
where the symbol ( ) indicates molar concentration, (6^) represents
+ Bthe concentration of B in the resin phase, and is the selectivity
B +coefficient. If is less than one, the resin takes up A in
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preference to B | if it is greater than one, the opposite is true; and 
if it is egual to one there is no preference. The selectivity coeffi­
cient for a hetero-ionic reaction
2 2 X
is given by the equation:
£  .  C7**l (x*l^  .
^  (X+j2 JY++)
If A and B are competing for sites on the resin, and if these 
sites are all independent of each other, Langmuir adsorption theory 
may be applied. That is, the activity of a single adsorbate in equi­
librium with a surface on which it covers a fraction 0 of the available 
sites is proportional to 0 /(I - O). When this theory is applied to 
two adsorbates, it is seen that the model has no advantages over a 
model in which the resin phase is said to be an ideal solution. Indeed, 
the two can be shown to be equivalent. For the non-ideal case, allow- 
anoe must be made for inter-ionic attractions, and adsorption theory 
is not yet oapablv of this.
An ion exchange resin containing ions may be considered to be a 
concentrated, solid, solution of electrolytes. The situation may be 
ooB^ared with that of a solution of one or more electrolytes in a ssmi- 
pexmeable bag which pexmits the passage of solvent and small ions, but 
holds back the larger ions. Bonnan membrane equilibrium theory, which 
states that the activity product of a peimeant electrolyte is the same 
on each side of a semipezmeable membrane, may be applied to two 
electrolytes simultaneously, giving the following equation:
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V  “x- V  * .
“x- V  * V
If the anion activities, are cancelled and concentrations and
activity coefficients are used in place of activities, the result is 
the following equation:
k : - (8'*') (A^)
i t )  iB*)
^A S
«A
where G represents an activity coefficient. This equation indicates 
that differences in selectivity arise from differences in the ratio 
of the activity coefficients in the resin phase as compared to the 
ratio of the activity coefficients in aqueous solution. Since the 
resin phase is regarded as a concentrated solution of electrolytes, 
this difference in the ratios of activity coefficients should be 
similar to that for ordinary soluble salts, for which extensive acti­
vity coefficient data is available. The activity coefficients of 
different salts are nearly equal in dilute solutions, but in concentrated 
solutions they vary widely. For this reason, activity coefficients 
give the right direction and order of magnitude of relative affinities, 
but do not quantitatively predict selectivitles. Evidently, explaining 
the differences in selectivities for various ions is equivalent to 
explaining the differences in their activity coefficients, a problem 
which has not yet been solved from the fundamentals. The principal 
factors which seem to be involved are (1) the hydrated ionic radius, 
which limits the Coulombic attraction between ions, and (2) the 
polarizability of the ions, which determines the van der Waals attraction. 
There is also evidence that inter-ionic forces have a great Influence 
on selectivity.
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If the ion concentration in the resin phase is greater than that 
in the aqueous phase, osmosis will take place until the equilibrium 
osmotic pressure is reached; that is, the resin will absorb water.
The absorption of water causes the polymer network to stretch and set 
up an internal "swelling pressure," P, which causes an increase of the 
chemical potential of any species i inside the resin of where
is the partial molar volume of 1 in the resin. Therefore, the chemical 
potentials of two ions, and B^, will differ by P
activity coefficients can be neglected, then the selectivity coefficient 
is given by the equation;
RT In K® - P (V. -A A d
This method can only predict the right order of magnitude of the selec­
tivity coefficient.
The Donnan equilibrium method and the swelling energy theory have 
been combined to give the equation:
In K® - In S  - In + PA t : -  TT- A B
®A ®A RT
Attempts have been made by Gluekauf and others to check the validity 
of this equation. The conclusion of their work is that the equation 
provides a sound representation of ion exchange equilibria, but is not 
a valuable method of predicting selectivity coefficients. There is 
some question whether Donnan equilibrium theory and the swelling energy 
theory should be combined by simple addition.
Other factors that affect selectivity are as follows: The sieve 
effect is the name applied to the prevention of the entrance of large
13
ions into the resin by the crosslinkages. Van der Waals forces exist 
between large ions and the resin framework, partially offsetting the 
sieve effect. The selectivity apparently changes with ion fraction.
That is, as some of the available sites on the resin become occupied 
by ions of a certain species, the attraction of other sites on the 
resin for ions of the same species becomes less. The selectivity is 
also affected by the non-exchanging ions present in the solution.
Finally, there exist semi-specific effects, that is, different resins 
of the same general type may have different ion preferences.
Column methods. (The following discussion has been adapted from 
(21)the book by Samuelson .)
The advantages of column methods can be seen by considering the 
equilibrium
RA^ + B^(aq) ■■ RB^ + A^(aq).
If A^ is continually removed as soon as it is released from the resin 
phase, the equilibrium is shifted so that the reaction may be represented 
by the equation
RA'*' + B‘*’(aq) -► RB"^  + A'^(aq).
A quantitative separation of A^ and B^ can thus be made. For this 
reason column methods are used almost exclusively in analytical work.
The rates of ion exchange have a great influence on the efficiency 
of column operations in quantitative separations. The actual exchanging 
of the ions is quite rapid and under certain conditions Is almost instan­
taneous. The diffusion of the ions through the resin is probably the 
rate determining step in the entire process, although diffusion through
14
a Nemst film may also play a part. The rates of ion exchange processes 
increase with decreasing resin particle size, increasing temperature, 
and increasing water content in the resin.
' Column operations consist of two major steps: (1) sorption, in
which the ions to be removed from solution are taken up by the resin,, 
and (2) elution and/or regeneration, in which these ions are removed 
from the resin. If the influent soirption solution contains more than 
one exchangeable ion, some separation of these ions can be made in the 
elution step because of the different affinities of the ions.
In analytical separations the break-through capacity of the resin 
rather than its total capacity is of importance. The break-through 
capacity is defined as the milliequivalents of a given ion which can 
be retained on the resin without any leakage. The break-through capa­
city increases as particle size decreases and as temperature increases. 
It is greater for slow flow rates and for long, narrow columns rather 
than short, wide columns. The concentration of the influent solution
also affects the break-through capacity.
(14)Kitchener gives an account of a plate theory similar to the 
plate theory in distillation which can be applied to ion exchange 
columns. The column is considered as consisting of a number of theo­
retical plates, in each of which the average concentration in the pores 
can be considered to be in equilibrium with the average amount of 
solute contained in the resin phase. The effectiveness of a column 
is then judged by the number of theoretical plates it contains.
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Ion Exchange Studies of Germanium 
(19)Nelson and Kraus studied the anion exchange behavior of 
germanium and arsenic in hydrochloric acid solutions* They found that 
the exchange of germanivim is negligible at hydrochloric acid concen­
trations below four normal* At four normal the tendency for germanium 
to be taken up by the resin rises sharply, and it continues to do so 
up to hydrochloric acid concentrations of about ten normal* A further 
increase apparently takes place for higher acid concentrations, but 
the volatility of germanium tetrachloride is so great at acid concen­
trations greater than ten normal that quantitative measurements cannot 
be made* The combined observations of volatility and anion exchange 
behavior suggest that the formation of the negatively charged complex 
proceeds through germanium tetrachloride but is not complete at the 
acid concentrations studied. In column separations of germanium and 
arsenic, sorption and elution concentrations of six and three normal 
hydrochloric acid respectively were used for germanium. They were able
to separate germanium from arsenic (V) but not from arsenic (III).
( 12)Hill studied the anion exchange behavior of germanium, cadmium, 
lead, and zinc in an effort to find a good separation technique for 
the analysis of zinc concentrates and cadmium fumes obtained in zinc 
refining* Germanium, cadmium, and zinc formed negatively charged 
complexes and were taken up by the resin from nine normal hydrochloric 
acid solution. Lead did not form a complex and was not taken up by 
the resin, and so could be separated in the sorption step* Germanium
16
was eluted with four normal hydrochloric acid; cadmium and zinc were 
eluted with lower acid concentrations. In general, about ninety per 
cent recovery of germanium was achieved.
Everest and Salmon' * studied the anion exchange behavior of 
solutions of germaniiTO dioxide, and found evidence that neutral solu­
tions contain the monogermanate ion. They also reported that germanium 
in this form is not exchanged by cation exchange resins.
17
EXPERIMENTAL
(12)Since Hill achieved approximately ninety per cent recovery 
of germanium, it was thought possible to improve his method so that 
quantitative separations of germanium from lead, cadmium, and zinc 
could be made. It was thought likely that the germanium lost in Hill's 
method might have been volatilized from the strong hydrochloric acid 
solution as germanium tetrachloride, and therefore it was decided to 
use sorption solutions of lower hydrochloric acid concentrations.
When significant improvement in the method of Hill was not 
evidenced, it was decided to attempt to make a separation by cation 
exchange. The work done therefore falls into two major parts; anion 
exchange studies and cation exchange studies.
Materials
Anion exchange resin. Dowex 1 - X8, 50-100 mesh, lot no. 03197-97. 
Capacity 3.4 milliequivalents per dry gram. Supplied by the Dow Chemical 
Company, Midland, Michigan.
Cadmium ftime. Lot no. 5001cv. Supplied by the Eagle-Plcher Co., 
Joplin, Missouri, Used as a sample for analysis.
Cation exchange resin. Dowex 50 - X8, 50-100 mesh, lot no, 9037, 
Capacity 4.7 milliequivalents per dry gram. Supplied by the Dow Chemical 
Company, Midland, Michigan.
Gelatin. A special crystalline ion-free gelatin prepared at Missouri 
School of Mines and Metallurgy was used in polarographic determinations.
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Germanium Dioxide. 98.5% pure Ge02» lot no. 5003JA. Supplied 
by the Eagle-Picher Company, Joplin, Missouri. Used in making stock 
solutions of germanium.
Gum Arabic. USP, lot no. 542162. Supplied by the Fisher 
Scientific Company, Fair Lawn, N. J. Used in the colorimetric analysis 
of germanium.
Phenylfluorone. 2,6,7 trlhydroxy-9-phenylisoxanthene-3-one. No.
6346. Supplied by Eastman Organic Chemicals, Rochester 3, N. Y. Used 
in the colorimetric analysis of germanium.
Zinc concentrate. Lot no. AL022. Supplied by the Eagle-Picher 
Company, Joplin, Missouri. Used as a sample for analysis.
All other chemicals used were laboratory reagent grade and were 
used as supplied.
Apparatus
Balance, analytical. Type L C B, serial no. 11224. Accurate 
to 0.1 mg, capa. 100 g, optional magnetic dampener. Wm. Ainsworth and 
Sons, Inc., Denver, Colo. Used to weigh components of all stock 
solutions, gum arable, and samples analyzed.
Balance, laboratory. OHAUS, double-beam. Accurate to 0.1 g, 
capa. 2 kg. E. H. Sargent and Co., Chicago, 111. Used to weigh NaOH 
and NaC^H^O^.
Buret. Micro, 10 ml, 0.02 ml graduations. Fisher Scientific Co., 
Pittsburgh, Pa. Used to measure all solutions analyzed colorimetrically.
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Ion exchange columns. Jones reductor tubes were used as ion 
exchange columns.
Hotplate. 15 amp -125 v; 7% amp - 250 v. Arrow - H & H. Used 
in dissolving samples of zinc concentrate and cadmium fume.
Polarograph. Sargent-Heyrovsky Model XII Recording Polarograph. 
Serial no. 698; 115 v, 50-80 cycles, 0.5 amp. E, H. Sargent and Co., 
Chicago, 111. Used in the determining of the presence of Pb, Cd, and Zn,
Spectrophotometer. Beckman Model B, serial no. 132140. Lamp;
6.3 V, AC-DC, 4.8 amp, 30 w. Ampl.: 115 v, 50-60 cycles, 0.26 amp,
18 w. Beckman Instruments, Fullerton, Calif. Used for colorimetric 
determinations of germanium.
Weights. 1, 2, 5, 10, 20, and 50 g. A. Daigger and Co., Chicago, 
111. Standardized before use. Used with analytical balance.
All other equipment used was common laboratory ware.
Analytical Methods
Germanium. Germaniixn was analyzed colorimetrically by the phenyl-
(3)flxiorone method. The method of Cluley , an adaptation of which was
( 12)used by Hill , was tried but found to be very tedious and time-consuming 
because of the length of time needed for color development and the neces­
sity for controlling the temperature.
The method of Luke and C a m p b e l l w a s  found to be more suitable.
( 2)This method was also favored by Booth and Bakes . The carbon tetra­
chloride extraction employed by Luke and Campbell was omitted, of course.
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since the ion exchange serves as the separation step. Neutralization 
of samples before analysis was found to be necessary for best results. 
The presence of chloride ion apparently also has some effect, and it 
was found advisable to use standards containing the same amount of 
chloride as the unknown solutions whenever solutions containing chloride 
ions were analyzed.
Since very small quantities of germanium were to be measured, 
accurate measurement of the volume of germanium stock solution used 
for the standards and the volume of the solution to be analyzed was 
critical. Measurements were made with the micro buret previously 
described. The same buret was used throughout the work.
The absorption for a nisnber of standard solutions having a range 
of concentrations expected to include the concentration of the unknown 
was determined for each analysis. The concentration of the unknown 
was then determined from a graph of absorption versus concentration,
A complete description of the method employed for color develop­
ment appears in Appendix I, page
( 12)Lead, cadmium, and zinc. Since Hill proved that good separa­
tions of lead, cadmium, and zinc could be made by anion exchange, no 
analyses were made for these metals during the anion exchange study.
It was necessary to prove that these metals were separated from 
germanium in the cation exchange study. Since proof of separation was 
all that was necessary, quantitative determinations of the concentra­
tions of these metals were not made. The method used for the detection 
of small amounts of lead, cadmium, and zinc is directly applicable to 
their quantitative determination, however.
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Wllliard, Merritt, and Dean give the half-wave potentials 
of lead, cadmium, and zinc in 0.1 molar potassium chloride and 0.01 
per cent gelatin as -0.40 volts, -0.60 volts, and -1.00 volts 
respectively. These half-wave potentials suggested that the three 
metals could be determined simultaneously by a polarographic method, 
and this was found to be the case. The supporting electrolyte origi­
nally used was 0.1 molar sodiisn chloride; but later this was changed 
to 0.4 molar sodium nitrate, since some of the solutions already 
contained almost this amount of sodium nitrate. The method is entirely 




Germanium. Germanium dioxide is slowly soluble in distilled
water, but is quickly and easily dissolved in dilute sodium hydroxide.
A stock solution of germaniim dioxide in nine normal hydrochloric acid,
(12)like that used by Hill , was prepared but found to be unsatisfactory 
because of the extensive loss of germanium by volatilization. A stock 
solution was then made by dissolving the germanium dioxide in dilute 
sodium hydroxide (five per cent), acidifying it to Congo red paper with 
hydrochloric acid, and diluting it to volume with distilled water. To 
prevent the introduction of silicates, it was found advisable to dissolve 
the germanium dioxide in a polyethylene beaker, using a polyethylene 
stirring rod, and to store the solution in a polyethylene bottle.
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Stock solutions containing one hundred tnicrograms of germanium per 
milliliter of solution were prepared and stored in this way, and were 
found to be very stable*
For the purpose of this study, the concentrations of lead, cadmium, 
and zinc needed only to be approximate. The actual purity of the reagents 
used to prepare the stock solutions was therefore not determined.
Lead. The lead chloride used to make the stock solution 
was reagent grade and was used as supplied. A solution containing 
approximately 0.017 grams of lead per milliliter of nine normal hydro­
chloric acid was prepared.
Cadmixmi. The cadmium chloride used to make this solution 
was oven dried before weighing, and precautions were taken during 
weighing to prevent the adsorption of water* A stock solution containing 
approximately 0.010 grams of cadmium per milliliter of nine normal 
hydrochloric acid solution was made.
Zinc. The zinc oxide used to make the zinc stock solution 
was preignited to remove any carbonates before it was weighed. The 
stock solution containing approximately 0.0005 grams of zinc per milli­
liter of nine normal hydrochloric acid was prepared*
Resin Colimm Preparation. The particle size of the Dowex, 1 was 
found to vary considerably from the fifty to one hundred mesh given on 
the package. The reprodudibillty of measurements and the efficiency 
of the column were found to improve when columns made from sifted Dowex 1 
were used. Resin particles which passed through a fifty mesh screen 
but were retained by a one hundred mesh screen were used.
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Since gases are given off when Dowex 1 is first treated with 
hydrochloric acid, the resin was pretreated with twelve normal hydro­
chloric acid and rinsed with water before the columns were packed.
Pyrex wool plugs were used between the resin and the stopcocks 
of all columns. A layer of glass beads about one half inch ^eep was 
placed on top of the resin bed, in an effort to reduce channeling. A 
second pyrex wool plug was placed on top of the beads so that the resin 
bed would not be disturbed when solutions were poured into the column.
The water level was kept above the top of the resin during packing and 
during later operations to prevent the introduction of air bubbles that 
would cause channeling. If the water level ever fell below the top 
of the resin bed, it was necessary to repack the part of the column 
into which air bubbles had been introduced.
Coltaan Operation Procedure. The resin was soaked overnight in 
twelve normal hydrochloric acid. One hundred milliliters of hydrochloric 
acid of sorption acid strength was passed through the column just before 
the sorption solution. The sorption solution was followed by another 
htmdred milliliters of hydrochloric acid of sorption acid strength in 
order to remove all the lead. Germanivim was eluted with two hundred 
milliliters of three normal hydrochloric acid. Cadmium and zinc were 
removed together with large volumes of distilled water, and the column 
was regenerated with twelve normal hydrochloric acid.
Sorption solutions contained fifteen milligrams of cadmium, thirty- 
five milligrams of lead, twenty-eight milligrams of zinc, and two 
hundred and ten micrograms of germanium in one hundred milliliters of 
hydrochloric acid solution. It was found advantageous to add the
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gemanium after the solution was diluted with water to approximately 
the acid strength desired for that sorption. This helped to prevent 
the germanium from being volatilized as germanium tetrachloride from 
the strong hydrochloric acid solution.
Data obtained after a reliable analytical method was developed 
may be found in Table I, page 25.
Anion Exchange Studies in 











6 unsieved 25 80
7 unsieved 25 80
7 unsieved 45 80
7 50-100 25 90




Germanium. A germanium stock solution was made as described 
previously, except neutralization was accomplished with nitric acid 
instead of hydrochloric acid. The solution contained one hundred 
micrograms of germanium per milliliter.
Lead. A solution containing five milligrams of lead per 
milliliter was made from reagent grade lead chloride. The solution 
was neutral.
Cadmium and Zinc. A solution containing fifty milligrams 
of cadmium and seventy-five milligrams of zinc per milliliter was made 
from preignited zinc oxide and oven dried cadmium chloride. The solu­
tion also contained approximately seventy-eight milligrams of sodium 
per milliliter because sodiisn hydroxide was used to neutralize the 
hydrochloric acid needed to dissolve the zinc oxide.
Resin Column Preparation. The Dowex 50 was wet-sieved before use. 
Particles which passed through a fifty mesh screen but were retained 
by a one hundred mesh screen were used in the columns. The same column 
packing technique was used for the cation exchange colvntns as was used 
for the anion exchange columns.
Column Operation Procedure. Neutral solutions were found to be 
satisfactory for sorption solutions in the cation exchange separations 
of germanium from lead, cadmium, and zinc. The solution containing 
varying amounts of germanium, lead, cadmium, zinc, and sodium was 
passed through the column and into a two hundred and fifty milliliter
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volumetric flask. The column was rinsed with water until the total 
effluent volume was two hundred and fifty milliliters. The effluent 
solution was acid because hydronium ions were exchanged for the lead, 
cadmium, zinc, and sodivni ions; and was neutralized to Congo red paper 
with solid sodium hydroxide as it passed through the column. The amount 
of sodium hydroxide used was weighed by difference to the nearest tenth 
of a gram in order to determine the amount of sodium nitrate that 
should be added for polarographic analysis.
The column was regenerated with concentrated nitric acid and rinsed 
with water before it was used again. The resin shrinks in strong acid 
and swells to its normal volume in water.
Analytical Procedures. A ten milliliter aliquot of the neutral 
effluent solution described above was analyzed for germanium by the 
method of Luke and Campbell^^^\ It was not necessary to add soditmi 
chloride to the standards. A thirty-five milliliter aliquot was taken 
for the polarographic analysis. Sodium nitrate was added to oiake the 
solution 0.4 molar and gelatin to make it 0.01 per cent. The solution 
was diluted with water to fifty milliliters. A typical polarogram 
proving the absence of lead, cadmium, and zinc in the germanium fraction 
obtained in the analysis of a cadmium fume sample is shown in Figure 2.
page 35.
Preliminary Sorptions. Data for the sorption of solutions made 
from the stock solutions of germanium, lead. zinc, and cadmium may be 
found in Table II. page 28.
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Cation Exchange Separations of Germanltm 
from Standard Solutions
TABLE II
Sorption Solution Ge Fraction Recovered
Acid G6 Pb Cd Zn Na Pb Cd Zn Ge
ug mg mg mg mg pres pres pres per cent
3N HCl 500 0 0 0 0 — -- 100
neutral 500 0 0 0 0 — -- mm m 100
neutral 0 0 50 75 78 tm m no no mm m  m
neutral 420 70 50 75 78 no no no 100
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Development of Procedure for Dissolving Samples. Considerable 
difficulty was encountered in finding a method of dissolving the samples, 
particularly the samples of zinc concentrate and cadmium fume. A stan­
dard mixture of the oxides of lead, cadmium, zinc, and germanium also 
presented problems.
A sample of zinc concentrate was dissolved in dilute hydrochloric 
acid by heating. None of the germanium was recovered.
A sample of cadmium fume was dissolved in dilute nitric acid with 
heating. Forty per cent of the germanium presumed to be present was 
lost.
A similar procedure was followed using a sample of the standard 
oxide mixture. The lead oxide did not dissolve, and was removed by 
filtration. Once again forty per cent of the germanium was lost.
A sample of the standard oxide mixture was dissolved completely 
in twenty milliliters of fifteen normal nitric acid with heating.
The fumes were passed into an ice-cooled trap where they condensed.
The two solutions were combined and neutralized with sodium hydroxide. 
Lead was found in the germanium fraction and interfered with analysis. 
Presumably the large amount of sodium ion introduced into the sorption 
solution for neutralization caused the capacity of the resin to be 
exceeded.
The same procedure was followed for another sample of the standard 
oxide mixture, except the solution contained fifteen milliliters of 
fifteen normal nitric acid, five milliliters of water, and ten milli­
liters of three per cent hydrogen peroxide. Seventy-five per cent of 
the germanium was recovered.
30
Five samples of the standard oxide mixture were dissolved without 
heating in ten milliliters of 1:1 nitric acid and ten milliliters of 
three per cent hydrogen peroxide. An average of ninety-six per cent 
of the germanium was recovered. The data for the analysis of these 
samples are found in Table III. page 31.
The same solvent was used for dissolving five samples of zinc 
concentrate, but heating was necessary. The fumes were passed through 
a capillary tip and bubbled through ten milliliters of ten normal 
sodium hydroxide contained in a trap. (Most germanium compounds are 
easily soluble in solutions of sodium hydroxide.) The acid solution 
was filtered to remove silicates and small amounts of free sulfur. 
Neutralization was accomplished with the sodium hydroxide from the 
trap and additional sodium hydroxide added dropwise until a permanent 
precipitate of zinc hydroxide was obtained. Nitric acid was added 
dropwise until the precipitate disappeared, and the solution was 
ready for ion exchange. About one hundred per cent of the germanivim 
was recovered. The data are found in Table IV. page 32.
Five samples of cadmium fume were dissolved in the same way the 
zinc concentrate samples were dissolved. Refiltration after neutrali­
zation was necessary to remove free sulfur that was oxidized by hydrogen 
peroxide when the solution became alkaline. The data are found in 
Table V. page 33.
Analysis of a Standard Oxide Mixture 
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Average Per cent Ge 0.0182
Standard Deviation 0.0025
Eagle-Picher Analysis^
Per cent Ge 0.018
Per cent Cd 0.34
Per cent Pb 1.02
Per cent Zn 63.5
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TABLE V












Average Per cent Ge 0.188
Standard Deviation 0.0088
Eagle-Picher Analysis^^^^:
Per cent Ge 0.21
Per cent Cd 15.1
Per cent Pb 35.1





















































































































Calculation of the Standard Deviation. Standard deviations were 
calculated according to the method given by Ayres^^^ as follows;
( (Sum of dj )/(n-l)
where standard deviation





All results presented In this thesis are believed to be more acou-
(1 2)rate than those obtained by Hill' ' because better equipment was 
available for this work. Hill was limited to the use of Evelyn and 
Klett-Svmmerson colorimeters for measuring absorption in the analysis 
of germanium* In addition. Hill used pipets in place of the micro 
buret used in this study*
The results obtained in the analysis of the zlno oonoentrates 
and cadmium fume samples are p^bably more aocvirate than those given 
by the Eagle-Picher Company* The analytical method used for germanium 
by that company consists of a hydrochloric acid and chlorine distil­
lation with precipitation of germanium sulfide and subsequent ignition 
to germanium dioxide at 350° The inaccuracy of this method
has been previously dlsoussed*
The principal source of inaoouraoy in the results presented in 
this thesis is the oolorimetrio method for germanium. At best oolori- 
metrlc methods are reliable to within about two and seven tenths per 
oent relative analysis error per one per cent error in transmittance
£1 )oorrespondlng to a given change in radiant power* The phenyl­
fluorone method for germanium is probably not this aoourate.
Precision and acouracy could undoubtedly be improved by further 
practice in the analytical procedure.
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Limitations of the Study
Anion exchange studies were made only for sorption solutions of
six and aeven normal hydrochloric acid. Studies in eight and nine
(12)normal hydrochloric acid had already been made by Hill . Since
the volatility of germanium tetrachloride is very high in solutions
greater than nine normal in hydrochloric acid, it would be useless to
attempt a study in this range of acid concentration. On the other hand.
the exchange of germanium by an anion exchange resin is negligible below
(19)four normal hydrochloric acid. so that studies in this range 
could not be made using the anion exchange resin in chloride form.
No study was made in five normal hydrochloric acid because the study 
in six normal hydrochloric acid seemed to indicate that higher acid 
concentrations should be used.
Cation exchange studies were made principally for sorption solu­
tions that were Just acid enough to keep zinc hydroxide from precipi­
tating (pH of approximately six). In general, best results with
cation exchange columns are obtained when the acid concentration in
( 21)the sorption solution is kept low.
No attempt was made to determine the minimum amountjof cation 
exchange resin needed for the separation of a sample of a particular 
size. A smaller amount of nitric acid could perhaps be used in dissolving 
the samples, therefore requiring smaller amounts of sodium hydroxide 
for neutralization and smaller Ion exchange columns.
39
CONCLUSIONS
The study of the separation of germanium from zinc, cadmium, and 
lead in six and seven normal hydrochloric acid solutions by an anion 
exchange resin in the chloride form led to the conclusion that this 
method does not offer asatisfactory separation prior to the quantitative 
determination of germanium.
Further evidence is offered that the hexachlorogermanate ion is 
is incompletely formed in hydrochloric acid solutions of six and seven 
normality.
The study of the separation by a cation exchange resin in hydrogen 
form of germanium from lead, cadmium, and zinc in solutions barely 
acid enough to keep zinc hydroxide from precipitating j(pH of approximately 
six) led to the conclusion that this method offers a completely satis­
factory separation prior to the quantitative determination of germanium.
It is evident that in solutions having a pH of approximately six. 




A quantitative separation of germanium from lead, cadmium and 
zinc was effected by a cation exchange resin in the hydrogen form.
An anion exchange resin in the chloride form was found to bh 
unsatisfactory for this purpose when the sorption solution was six 
or seven normal in hydrochloric acid.
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APPENDIX I
Photometric Determination of Germanium Adapted from 
The Method of Luke and Campbell
Accurately measure ten milliliters of the neutral solution to be 
tested for germanium into a fifty milliliter volumetric flask. (A micro 
buret is reconnended.)
Add one and one half milliliters of 1:1 sulfuric acid. Swirl.
Add ten milliliters of a buffer solution prepared by dissolving 
nine hundred grams of hydrated sodium acetate (NaC^H^O^'SH^O) or five 
hundred and forty grams of anhydrous sodium acetate in about seven 
hundred milliliters of water, filtering, transferring to a two liter 
volumetric flask, adding four hundred and eighty milliliters of acetic 
acid, dilutingtto the mark with water, and mixing.
Add one milliliter of a freshly prepared solution of five tenths 
of a gram of gum arable dissolved in fifty milliliters of water and 
filtered. Swirl again.
Add ten milliliters of a solution of phenylfluorone made by dis­
solving exactly five hundred milligrams of phenylfluorone in fifty 
milliliters of methanol and one milliliter ofi nine normal hydrochloric 
acid, and then diluting to five hundred milliliters with methanol.
Mix thoroughly, ignoring the precipitate of sodium acetate that forms.
Wait exactly five minutes and dilute to the mark with 1:9 hydro­
chloric acid. Determine the absorption at 510 millimicrons inmediately. 
using a spectrophotometer.
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A standard curve should be prepared by treating a blank and stan­
dard solutions whose concentrations cover the range in which the con­
centration of the unknown is expected to fall in the manner described 
above. If the unknown is known to contain large amounts of chloride 
ion. an approximately equal amount of chloride ion should be present 
in the blank and in the standards. Plot absorption against concentration, 
and determine the amount of germanium in the unknown from the curve.
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